Objective: It is suggested that iodide organification defects account for 10% of all cases with congenital hypothyroidism (CH). One candidate gene for these defects is the thyroid peroxidase (TPO) gene. Design: Exons 2, 8±10 and 14 of the TPO gene were examined in 30 patients with permanent CH without a family history of CH. This group was characterized by the presence of an orthotopic thyroid gland and elevated TSH levels. Methods: The mutational screening was performed by single-strand conformational polymorphism followed by sequence analysis of fragments with abnormal migration patterns and by restriction enzyme analysis. Results: In four patients we were able to identify mutations on both alleles which have not been described so far. One patient was a carrier of a new homozygous point mutation in exon 9 resulting in an exchange from Leu to Pro at codon 458. Another patient was found to be compound heterozygous for two mutations, a 20 bp duplication in exon 2 and a new mutation in exon 9 (Arg491His). Two brothers of consanguineous parents showed a homozygous T deletion in exon 14 at position 2512. Conclusions: Our findings confirm the genetic heterogeneity of TPO defects and support the suggested prevalence of organification defects.
Introduction
Primary congenital hypothyroidism (CH) is one of the most common endocrine disorders in childhood. According to morphological findings the disease can be subdivided into defects of thyroid development (dysgenesis), ranging from hypoplasia to athyrosis, and into defects of thyroid hormone biosynthesis (1) . Eighty percent of all cases are defined as thyroid dysgenesis. Only in very few cases of thyroid dysgenesis has the molecular basis been clarified, for example mutations of the thyroid-stimulating hormone (TSH) receptor gene (2±4) and of transcription factors PAX-8 (5), TTF-1 (6) and TTF-2 (7). Only 10±20% of all cases are assumed to be due to defects in thyroid biosynthesis. The genetic background for these defects is well accepted. Candidate genes are the sodium iodide symporter (8, 9), the thyroglobulin (Tg) gene (10, 11) , the pendrin gene (12, 13) and the thyroid peroxidase (TPO) gene (14±16). TPO is a hemoprotein responsible for tyrosine iodination and coupling. So far 18 mutations in ten exons have been described (17±19). Most missense mutations are located in the catalytic center of the enzyme encoded by exons 8±10. Furthermore, the recently reported thyroid follicular carcinoma in a newborn with a heterozygous mutation in exon 14 of the TPO gene (20) , and follicular adenoma in a patient with compound heterozygous mutations in exons 7 and 14 (18) , have focused attention on the importance of a molecular genetic diagnosis in patients with CH, because regular ultrasound investigation of the thyroid gland is probably warranted in patients with proven defects of TPO.
Subjects and methods

Patients
A mutational screening was performed in 30 patients with CH from 25 different, unrelated families. In five of the patients a sibling was affected by CH, but in none of the families had a case of CH been reported in a previous generation. The diagnosis was made after an elevated TSH level was measured in the filter-paper card with an immunofluorometric assay (Delfia; Wallac, Turku, Finland; cut off .15±mU/l, blood sampling on days 3±5 of life) and by confirmation of elevated serum TSH levels (Delfia; Wallac) and decreased serum thyroxine (T 4 ) levels (Delfia; Wallac) ( Table 1) . After 2 years of treatment with l-thyroxine, therapy withdrawal was introduced for 4 weeks and the children were reinvestigated by determination of TSH, T 4 and Tg measured in serum with an IRMA (Brahms Diagnostica, Henningsdorf, Germany). Thyroid ultrasound was performed in order to ensure the presence of an orthotopic thyroid gland.
To investigate whether a detected mutation was a common polymorphism, an additional 100 healthy control persons as well as 100 patients with CH and thyroid dysgenesis were investigated.
Genomic analysis
Genomic DNA was extracted from peripheral white blood cells using a commercial kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol. The human TPO gene was amplified by PCR. Primers were selected as reported by Bikker et al. (15) . The PCR was performed in 50 ml reactions for 30 cycles by using AmpliTaq Polymerase (Perkin Elmer, Weiterstadt, Germany). Single-strand conformational polymorphism (SSCP) analysis was carried out in exons 2, 8±10 and 14 as described by Orita et al. (21) . To identify the GGCC duplication in exon 8, PCR products were further characterized by restriction endonuclease digestion with NaeI (14) followed by separation on 2% agarose gels. Furthermore, restriction analysis was performed for exon 2 with the enzyme BsrI (22) and for the homozygous mutation in exon 9 with MspI. In patients with an abnormal electrophoretic mobility pattern in the SSCP, dideoxy sequencing (23) was performed with a BigDye Terminator Cycle Sequencing Ready Reaction Kit (Perkin Elmer). The sequencing reactions were analyzed with an automatic sequencer (ABI 377; Applied Biosystems, Foster City, CA, USA). The numbering of mutations corresponds to that of Kimura & Ikeda-Saito (24).
Results
We were able to detect mutations on both alleles of the TPO gene in 4 out of 30 patients. These four patients belonged to three unrelated families.
Patient 1
At final diagnosis (14 weeks), patient 1 showed strikingly elevated TSH levels and an almost unmeasurable value for T 4 ( Table 1) . At the age of 16 years, an ultrasound investigation of the patient's thyroid gland showed two nodules in the left and one nodule in the right lobe. All three nodules had an inhomogenic echo structure and showed augmented vascularization in Doppler ultrasonography. At that time the serum Tg level was markedly elevated (558 ng/ml). The mother of the patient had had a goiter since childhood and is receiving l-thyroxine therapy.
SSCP analysis of family 1 revealed both parents as heterozygous carriers of an abnormal electrophoretic mobility pattern in exon 9 whereas the affected daughter was a homozygous carrier of the aberrant DNA variant (Fig. 1B) . Subsequently sequence analysis indicated a missense mutation at position 1463 with a nucleotide change from T to C, resulting in an amino acid exchange from Leu to Pro at codon 458 (Fig. 1C) . The mutation creates a new restriction site for MspI in this PCR fragment. In the homozygous state of this mutation, the 298 bp fragment was completely digested whereas in the heterozygous state only one allele is cut and the other remains undigested (Fig. 1D ).
Patient 2
At the time of final diagnosis (4 months), the TSH level of patient 2 was significantly elevated ( Table 1) . The thyroid gland was of normal size, structure and position. The patient's mother had a small goiter and a serum Tg level higher than 360 ng/ml. No other family member was known to have a thyroid disorder.
In the patient, SSCP analysis showed an abnormal electrophoretic mobility pattern in exon 9 and exon 2 of the TPO gene compared with the PCR product of controls. Further investigation of the TPO gene of the parents revealed that the father was a carrier of the same heterozygous abnormality in exon 9, whereas in the mother an abnormal heterozygous mobility pattern of exon 2 was detected ( Fig. 2A) . Sequence analysis disclosed the father as the heterozygous carrier of a mutation in exon 9. This G to A transition results in an ND: not done; * Tg levels at time of diagnosis (1 week); ** Tg levels at withdrawal; *** reported as below normal.
exchange from Arg to His at codon 491. The mother is a heterozygous carrier of the already described 20 bp duplication in exon 2 of the TPO gene. This mutation leads to a frameshift with an early stop codon in exon 3 (Fig. 2B) . The patient is compound heterozygous for the two detected abnormalities in the TPO gene.
Patients 3 and 4
Patients 3 and 4 both showed elevated TSH and Tg levels as well as diminished T 4 values at time of diagnosis (Table 1 ). In addition, patient 3 developed a goiter, possibly due to irregular supplementation of thyroid hormones. The consanguineous parents and a healthy sister had euthyroid hormone levels. Analysis of the TPO gene in the family with PCR-SSCP revealed a conspicuous mobility pattern in exon 14. The migrational behavior of the parents' PCR products implicates a heterozygous variant, whereas the PCR fragments of both sons showed a homozygous abnormality. The mobility pattern of the daughter's PCR fragment is comparable with that of an unrelated control person (Fig. 3A) . A subsequent sequencing analysis showed a homozygous T deletion at position 2512 apparent in both sons. The parents are heterozygous carriers of this frameshift mutation leading to a premature stop in exon 14 of the TPO gene.
Screening for the new mutations in exon 9
In an additional screening of 100 healthy control persons and 100 patients with CH and thyroid dysgenesis, neither of the new mutations in exon 9 (Leu458Pro, patient 1 and Arg491His, patient 2) was detected.
Discussion
This group of 30 patients with sporadic permanent CH is one of the largest studied for mutations in the TPO gene. In four of the patients we could detect mutations on both alleles.
The novel homozygous mutation in exon 9 (Leu458-Pro) described in patient 1 is located before the proximal His. Like amino acids Ile 447, Tyr 453 and Gly 590 (25) , Leu 458 is located in a conserved part of TPO. Due to its aliphatic side chain, Leu takes a decisive part in the creation of hydrophobic links and may be important in the formation of the tertiary structure. The substitution of Leu with Pro interrupts the a-helical structure in a fashion such that after the peptide link hydrogen bridges can probably not be formed any more. Therefore, the structure and substrate-binding capabilities of the TPO molecule are thought to be heavily affected.
The new mutation in exon 9 in patient 2 was found compound heterozygous with the known 20 bp duplication in exon 2 (22) . The novel mutation in exon 9 is an amino acid substitution at position 1562 (Arg491His), which is located close to the proximal His and can probably affect the heme binding. Kimura & Ikeda-Saito (24) suggested that in TPO the proximal shows a mutation at position 1463 resulting in a nucleotide change from T to C. The wild-type sequence is on the bottom. The arrow indicates the missense mutation. (D) Restriction enzyme analysis of the family's PCR product of exon 9 was performed with MspI. The fragments were separated on a 2% agarose gel. Numbers on the right show the length of the restricted base pairs. The PCR product of a control person is cut once and produces two fragments of 298 and 102 bp. The heterozygous mutation creates a new restriction site which is demonstrated by two further fragments with a length of 171 and 127 bp. In the homozygous state of this mutation the 298 bp band is completely digested.
His, linked to the iron center of the heme, is located at residue 407. X-ray crystallography of myeloperoxidase showed clearly that His336 is more likely to act as proximal His (26) and the corresponding His in TPO is located at position 494 in exon 9. The G to A transition leads to an exchange from Arg to His and results in the appearance of a fourth His with possible influences on the proper binding of the iron center of the heme. However, functional studies are needed to examine this theoretical suggestion. It is interesting to follow this mutation because of the critical importance of this region for fully active TPO. There are no other known mutations located so close to the proximal His494. The combination of this mutation with a frameshift mutation in exon 2 suggests that both alleles give rise to an almost inactive enzyme.
The finding of these two novel mutations supports once more the importance of exon 9 for the proper structure and function of the TPO enzyme. The absence of both mutations in a survey population of 200 individuals underlines that the mutations detected in exon 9 of the TPO gene are causally related to the phenotype of our patients. This is of particular interest for the homozygous mutation Leu458Pro, which is found in a patient with a cystic degeneration of the thyroid gland. The rapid increase in size of the thyroid gland during 4 weeks of therapy withdrawal points to the presence of a total iodide organification defect. To confirm this, functional studies are of major importance.
Exon 14 takes part in the coding of the membranespanning part of TPO. The sequence of the C-terminal exons 13±17 is highly conserved in TPO. Mutations found in exon 14 were functionally investigated and were shown to lead to an enzymatically inactive TPO (25) . This suggests that this region of the protein is important for proper folding and serves not only as a hinge for insertion of the membrane. Recently a new mutation was reported by Bakker et al. (19) : a T deletion at position 2512 as the result of maternal uniparental disomy. This mutation causes a frameshift leading to an early termination signal in exon 14. Two patients in this study showed the same mutation in a homozygous state inherited from the mother and father who are both heterozygous; again, the Tg levels were extremely elevated. A goiter was evident only in one patient, possibly due to an irregular supplementation of thyroid hormone. The region between 2505 and 2512 in exon 14 seems to be a frequent target for alterations. Recently Kotani et al. (18) and Medeiros-Neto et al. (20) reported patients with a C insertion at position 2511 and a follicular adenoma and a follicular carcinoma respectively. The newborn with a follicular carcinoma showed evidence of a large neck mass and despite surgery on the 7th day of life was found to have early metastases in the lung and bones. The second mutation in the TPO gene was not found. The father and paternal grandmother (the latter also suffering from thyroid carcinoma) were heterozygous for the same mutation. Intimate molecular mechanisms for the tumor development in this family and its rapid progression are still unknown.
The increasing number of patients with genotyping will provide data on the intriguing role of TPO mutations in the development of thyroid tumor. Therefore it has to be concluded that genotyping of the TPO gene in patients with CH and assumed defects of thyroid biosynthesis should not only be performed in order to provide genetic counseling, but also to recommend regular ultrasound investigation in these patients during l-thyroxine replacement.
